In this paper, we propose and experimentally demonstrate an optical selfinterference cancellation (OSIC) system with baseband predistortion for wideband over-theair in-band full-duplex (IBFD) communication. The key factors of OSIC bandwidth limitation are analyzed, and the solution toward it is proposed for the first time. Experimental results show that, by traditional OSIC under over-the-air condition, only narrow even zero band is with enough cancellation depth to satisfy IBFD. But with our proposed baseband predistortion scheme, deep OSIC depth is achieved over the whole 1 GHz/5 GHz baseband within the total 7-25 GHz available band of horn antennas. The employment of baseband predistortion obviously broadens the cancellation bandwidth of an EML-based OSIC system. The largest OSIC bandwidth for over-the-air IBFD communication is demonstrated so far.
Introduction
In-Band full-duplex (IBFD) wireless system has attracted extensive attention as an important technology for future mobile communication, due to its support of bidirectional simultaneous radio frequency (RF) transmission in the same frequency band [1] - [3] . Compared to frequency-division duplex (FDD) and time-division duplex (TDD) mode [4] , [5] , IBFD achieves efficient and flexible spectrum usage, but has not been deployed widely due to the strong in-band self-interference (SI) caused by co-location of transmit and receive antennas. Partial transmit signal is received by the receive antenna as SI, and strongly interferes with the weak received signal of interest (SOI). The strong SI cannot be removed by band-pass filter or notch filter for the band superposition of SI and SOI signals.
To deal with this problem, self-interference cancellation (SIC) systems have been widely investigated. Typical SIC is conducted in three stages, including passive suppression, active analog cancellation, and digital cancellation [6] , [7] . Passive suppression between the transmitter and receiver uses the path loss by antenna directionality and polarization [7] . In active analog SIC, an additional copy of original transmit signal is transmitted from transmitter to receiver through a reliable wired channel. The copy is also called reference signal, and is used to subtract the SI on condition that the amplitude and time delay of SI and reference signal are adjusted to be matched precisely. This paper focuses on active analog cancellation, so the SIC in this paper always means analog SIC.
Since the SIC systems aim at deeper cancellation depth over larger bandwidth, the cancellation depth and bandwidth are the two key parameters to evaluate the cancellation performance. Typical SIC schemes with electronic processing are restricted by the relatively narrow bandwidth and low working frequency band [8] , [9] . Moreover, the accuracy of amplitude and time delay adjustment of RF components is not precise enough so as to limit SIC bandwidth [10] . In this case, due to the high bandwidth and adjusting precision properties of optics technologies for analog RF processing [11] , [12] , SIC schemes based on microwave photonics have been widely researched to enlarge the cancellation bandwidth and deepen the cancellation depth. There are several representative optical SIC (OSIC) schemes based on Mach-Zehnder modulators (MZMs) [10] , [13] - [15] , electroabsorption modulators (EAMs) [16] - [20] and directly modulated lasers (DMLs) [7] , [21] . Within these reported works, over-the-air demonstrations [16] , [17] report less than 100 MHz OSIC bandwidth typically, at most 200 MHz. This phenomenon is caused by wideband mismatch of frequency response between wireless channel for SI and wired channel for the reference (shortly called response mismatch in later paragraphs). The amplitude and phase responses of most antennas are not close to wired waveguides, especially in wideband scenarios. The channel response mismatch causes small cancellation depth over most frequency bands, thus limiting the OSIC bandwidth. Also in our previous work [20] , we have experimentally demonstrated an over-the-air IBFD transmission with EAM-lasers (EMLs) based OSIC system. One band centered at 11.15 GHz with less than 500 MHz bandwidth can be used for IBFD due to the relatively low channel mismatch of passband, while other bands of antenna are not suitable. The bandwidth limitation in these over-the-air demonstrations leads to the waste of most antenna band, and highly restricts the application scenarios for future large bandwidth IBFD communication.
Since the response of antennas is hardly changeable, in order to broaden the OSIC bandwidth to the whole antenna band for larger IBFD capacity, in this paper we propose an EML-based OSIC scheme with baseband pre-distortion to mitigate the response mismatch. The broadening of available IBFD band is realized by deepening the cancellation depth over the bands with small depth originally. Pre-distortion technology, which has been widely investigated in wireless and optical communication systems for channel response compensation [22] - [24] , is introduced in OSIC system to compensate the mismatch for the first time. The reference signal is pre-distorted before sent into channel, making it equal to SI when subtracted at receiver side so that the result of subtraction is closer to zero compared to the condition without pre-distortion. Experimental results show successful IBFD bandwidth broadening to whole 1 GHz/5 GHz baseband covering all the antenna passband. The designed pre-distortion filter compensates the response mismatch well whatever the response of channel between these antennas is, which makes IBFD available over all the antenna bands.
The remainder of this paper is organized as follows. In Section 2 we analyze the theory of predistortion for wider OSIC bandwidth. Then in Section 3 we experimentally present the OSIC depth of broadband IBFD system in both ordinary and pre-distorted OSIC condition, and results are given with radio carried at different frequency points covering the whole antenna band. Conclusions are given in Section 4. Section 1, the reference signal is transmitted through wired channel to subtract the SI signal which is transmitted through wireless channel. The subtraction is conducted in optical domain, including modulating the two RF signals to optical carriers by EMLs respectively, and making the subtraction and demodulation by balanced photodetector (BPD). As for employed EMLs, their modulation curves have linear-slope-like region around the bias voltage V b , where RF signals V i (t) (i = 1, 2) can be linearly modulated on optical carriers. Optical output power of EML1 and EML2 are represented as I i (t) (i = 1, 2) and shown in Eq. (1). T v (v) is the electric absorption function of EMLs. I i 0 denotes output power of EMLs without electrical power input. Tunable optical time delay line and attenuator is employed in OSIC to precisely adjust amplitude and phase of the reference and SI before subtraction. The output electrical signal of BPD V sr (t) after subtraction is shown in Eq. (2), in which τ represents tunable time delay, α represents the tunable optical attenuation, and represents photo-electro response of BPD. The detailed principle of the EML-based OSIC for cancellation is derived in [20] .
Principle of Pre-Distortion for Wider OSIC Bandwidth
(1)
To obviously describe how the response mismatch causes the imperfect wideband subtraction and limits the OSIC bandwidth, firstly we denote the transmit channel of SI as Path1, namely between Point a and b in Fig. 1 . Similarly, transmit channel of reference signal is denoted as Path2, namely between Point a and c. Fig. 2(a) shows the two S21 curves of Path1 and Path2 from 8 GHz to 25 GHz respectively, measured by the 10-MHz∼43.5-GHz Vector Network Analyzer (VNA) (KEYSIGHT N5224A). The amplitude and phase difference is given in Fig. 2(b) , represented as blue and green curves respectively, in which the phase curve is too dense to seem like shadow form. Observed in Fig. 2(b) , three typical frequency regions circled are marked as Region A, B and C, which represent three cases: the low mismatch for both amplitude and phase, the low phase mismatch but high amplitude mismatch, and the low amplitude mismatch but high phase mismatch, respectively. The OSIC depth over total antenna band is shown in Fig. 2(c) . Correspondingly, the OSIC depth reaches −30 dB in Region A, but only −10 dB is achieved in Region B and C. For IBFD communication, only the bands with large cancellation depth like Region A are suitable, while other bands cannot be used. So the amplitude and phase mismatch leads to bad cancellation performance.
Furthermore, to investigate cancellation performance without channel impact, we derive the OSIC depth shown in Eq. (3) under the ideal condition with no amplitude and phase mismatch of Path1 and Path2. In this case, the OSIC depth is the function of frequency ω only, and is related to the constant τ and α, which represent the adjusting accuracy of employed optical attenuator and optical time delay line, respectively.
The ideal cancellation curve is calculated according to Eq. (3) and shown in Fig. 2(c) . The curve is totally under −40 dB level, which points out that the whole band can be used for IBFD without channel mismatch. That means the cancellation performance is only related to time and amplitude adjusting precision if without channel mismatch. Aiming at approaching the ideal condition, we focus on channel response compensation of Path1 and Path2 by utilizing the pre-distortion technique.
The pre-distortion theory used for IBFD is explained in detail as followed. For simple analysis, the SOI from other user is not included in this paper, but cancellation of SI is observed to evaluate performance of proposed OSIC system. Here, the impulse response of pre-distortion filter is defined as f(t), and the impulse response of Path1 and Path2 is denoted as h 1 (t) and h 2 (t), respectively. S t1 (t) is the generated transmit signal, while S t2 (t) is the transmit reference signal after pre-distortion. According to Fig. 1 , the output signal of BPD is denoted as S r (t), which aims at approaching zero by OSIC system. Due to the subtraction mechanism of BPD, S r (t) is the difference of received S t1 (t) and S t2 (t) after channel transmission, as shown in Eq. (4). Correspondingly, the frequency responses of pre-distortion filter, Path1 and Path2 are F(ω), H 1 (ω) and H 2 (ω), respectively. For the purpose of S r (t) to be zero, Eq. (5) needs to be satisfied. That means
The operator ' * ' represents convolution. In Eq. (7), the parameters P 1 (ω), P 2 (ω), θ 1 (ω), and θ 2 (ω) are the power and phase response of Path1 and Path2, respectively. They are the function of frequency which can be measured by VNA as S21 parameters. So F(ω) is calculated using Eq. (7) and f(t) can be derived by inverse fast furrier transform (IFFT) of F(ω), which is the impulse response of pre-distortion filter. Once f(t) is determined, according to Eq. (4), the S r (t) can be closed to zero.
Experimental Setup and Results
To verify the pre-distortion theory for OSIC bandwidth improvement, experiment is conducted corresponding to Fig. 3 . The EML-based OSIC system consists of two EMLs, two optical tunable attenuators, one optical tunable time delay line and one BPD. 7-GHz∼25-GHz horn antennas are employed for over-the-air demonstration. Considering system feasibility and sample rate of arbitrary waveform generator (AWG, Tektronix AWG7122C), both S21 measurement and pre-distortion of reference signal are conducted at baseband, so that Path1 and Path2 are used to represent the paths between the Point x-y and Point x-z in Fig. 3 respectively, namely before RF modulation and after RF demodulation.
First we evaluate the OSIC performance over the large band of antenna. Carrier frequency f c is set to 12.00 GHz generated by microwave source and the sample rate of AWG is set as 10 GS/s, namely 5 GHz baseband bandwidth. The baseband S21 parameters of Path1 and Path2 are measured by VNA, including power and phase response values. The calculations of IFFT and convolution are conducted by MATLAB digitally. And the S21 parameters of Path1 and Path2 are collected by VNA discretely to achieve F(k), as shown in Eq. (8) .
Both FFT points and VNA resolution are set to 4096. The frequency precision of VNA has to match with that of generated transmit signals since the channel response mismatch varies greatly with frequency as shown in Fig. 2(b) , especially phase mismatch. The mismatch of amplitude and phase response of the two paths are shown in Fig. 4(a) , which are also the amplitude and phase response of pre-distortion filter F(k). In this case, the impulse response of pre-distortion filter f(n) is calculated according to Eq. (9), and depicted in Fig. 4(b) . Insert (i) of Fig. 4(b) shows the details of effective region of f(n). Although the effective coefficient of impulse response which compensates the amplitude mismatch has limited length, in order to cover the potential phase shift caused by channel mismatch, the long zero margin in the filter coefficient is also necessary.
Here, 16-QAM Orthogonal Frequency Division Multiplexing (OFDM) signal is employed as transmit signal, since OFDM is a popular modulation format with high bandwidth efficiency and has been chosen as air interface waveform technology in 4G and the foundation of next generation mobile communication system [25] . Moreover, the cancellation depth of OFDM signal is convenient to observe thanks to its flat power spectrum. For the generation of OFDM signal, the number of subcarriers and FFT points are both set 4096, corresponding to the sample point number of predistortion filter impulse response f(n). Then the transmit signal S t1 (n) and reference signal S t2 (n) are generated by the AWG according to Eq. (10) . Transmitted through the channel, the output signal of receiver is sent into the RF spectrum analyzer (ROHDE & SCHWARZ FSUP, 20 Hz∼50 GHz) following RF demodulation to observe the baseband power spectrum before and after SI signal cancellation.
To quantify the effectivity of OSIC performance improvement with and without pre-distortion scheme, the spectra of three conditions are shown in Fig. 5 . The black curve is the spectrum of original SI signal S t1 before cancellation, which means the reference signal is closed and only SI signal is remained. The OSIC system aims to reduce this SI deeply over large bandwidth. The red curve represents the receive SI after cancellation but without pre-distortion. The blue curve shows received SI after cancellation with pre-distortion, which means the reference signal is processed by pre-distortion filter. The difference between red and black curves represents the OSIC depth without pre-distortion, while the difference between blue and black curves means the OSIC depth with pre-distortion. About −25 dB OSIC depth is achieved in both OSIC cases, but over only 0.3-GHz bandwidth for no pre-distortion case (red line) due to the large channel mismatch over other bands. However, with pre-distortion, the −25 dB OSIC depth is achieved over the total 3.2-GHz OFDM baseband because the mismatch within the whole band is compensated by predistortion. The baseband width is 5 GHz due to 10 GS/s rate so that the RF band covers 10 GHz broadband centered at 12.00 GHz. In IBFD communication, once SI is canceled 25 dB over the 7-17 GHz, the SOI can be set arbitrarily as long as the passband of SOI is within 7-17 GHz. These results prove the IBFD band broadening from one relatively small band to most antenna band using pre-distortion.
The cancellation performances are also investigated in 1-GHz baseband (2-GS/s rate of AWG) centered at different frequencies within the antenna band. Fig. 6(a)-(f) depict the cancellation performances with 7.34-GHz, 9.84-GHz, 11.54-GHz, 14.81-GHz, 17.72-GHz and 20.82-GHz center frequencies respectively, covering the whole antenna band. The measurement of channel response and calculation of f(n) are the same as the case of 10 GS/s. And the meanings of three curves in each figure are the same as those in Fig. 5 . Observed from these figures, without using the pre-distortion, only over little bandwidth can the depth reach −30 dB, such as the cases in Fig. 6(c) and (e). In addition, in Fig. 6(a) , (b), (d) and (f) cases, even over zero bandwidth can the depth reach −20 dB in the total baseband, which means there is no suitable band for IBFD in these cases. But with the pre-distortion employed, all the six cases reach more than −25 dB depth over the whole baseband, some of them even −30 dB, such as those in Fig. 6(c) and (d) . The results can further verify that the OSIC bandwidth with deeper OSIC depth is broadened from the narrow or zero to the whole baseband within the bands over 7 GHz∼25 GHz, which makes the whole antenna band available for IBFD.
Conclusion
In conclusion, in this paper we have proposed a solution towards OSIC bandwidth limit caused by the response mismatch for the first time, and demonstrated the most wideband OSIC under overthe-air condition for IBFD transmission mode. The baseband pre-distortion scheme is employed to compensate the response mismatch of the reference and SI channels. The reference signal is pre-distorted before sent into transmit channel so that the SI can be subtracted deeply over the total band. Experiment is conducted to prove the theory of pre-distortion for wider OSIC bandwidth and the results show obvious OSIC bandwidth improvement. By setting different sample rates, −25 dB OSIC depth is achieved over 5-GHz baseband, while about −30 dB depth is achieved over 1-GHz baseband in different frequency regions of antenna band. This solution highly improves the bandwidth utilization and efficiency of IBFD system. In practical application, the employment of VNA for channel response measurement may be not convenient to achieve the variable channel information. In future research, several fast measurement schemes, such as pilot of OFDM would be employed and studied for variable channel response measurement, making it more suitable for future broadband wireless communication.
